This paper reports large photocurrents in air-assisted depositions of single layer graphene (derived from reduced single layer graphene oxide) upon illumination with near-infrared (NIR) light. NIR-induced charge carrier generation and subsequent separation at the metal-graphene interface resulted in photocurrent generation. Varying bias voltages were applied to test samples and allowed for evaluating photoresponses in either diffusion-or drift-dominated regions. In the diffusion-dominated region, position-dependent effects of photoconductivity were demonstrated. The photocurrent exhibited increase when the positive electrode was illuminated, decrease when the negative electrode was illuminated, and negligible response when the area between the electrodes was illuminated. At a 100 µV bias voltage, a per cent change in current from ∼150% (40 mW NIR) to ∼1800% (335 mW NIR) is reported. Such large photocurrent responses result from built-in electric fields and optically generated temperature gradients (maximum NIR-induced temperature rise ∼70 • C). The per cent photocurrent change was observed to depend on both annealing temperature and NIR power, but not resistance value. In the drift-dominated realm, a Gaussian photocurrent profile was obtained, signaling drift of charge carriers with increase in localized electric field, akin to the classic Haynes-Shockley experiment. A minority carrier mobility value of µ ∼ 700 cm 2 V −1 s −1 is reported. The simple low cost graphene devices presented in this paper were fabricated without lithographic processing and are ideal candidates for assorted infrared imaging applications.
Introduction
Since the discovery of graphene in 2004 [1] , its incredible physical properties including thermal conductivity [2] , mechanical strength [3] , and quantum Hall effect at room temperature [4] have been well documented. Graphene's photonic properties are also quite intriguing, with optical absorption spanning a broad range from ultraviolet to terahertz frequencies [5] . In this paper, we report large photocurrents in air deposited single layer graphene (SLG) thin films. Past reports on graphene photocurrents have demonstrated photoresponse in intrinsic graphene [6] , in bulk graphite thin films [7] , at the interface between single layer and bilayer regions [8] , near metallic contacts [9] , near edge effects [10, 11] , in electrostatically doped p-n graphene junctions [12] , and more recently gateactivated photoresponse on localized regions in graphene p-n junctions [13] . Ultrafast hot carrier effects in graphene that give rise to photocurrents have been investigated [14, 15] . It has been shown that a strong electric field near a metal-graphene contact leads to efficient photocurrent generation, resulting in >30% efficiency for electron-hole separation [16] .
Using single wall carbon nanotube (SWNT) thin films, position-dependent photocurrents in carbon nanostructures were first demonstrated by Lu et al in 2006 [17] . Showing that SWNT thin films could exhibit large photocurrents, the effects of ambient pressure, nanotube/electrode contact area, laser intensity, photothermic effects, and light pulse frequency on the photoconductivity were investigated [17] . Following this work, the effects of diffusion on the position-dependent photocurrent in SWNTs [18] and multiwall carbon nanotubes [19] were explored. Similarly, both photocurrents [20] [21] [22] and position-dependent photodetection [23] have been shown in reduced graphene oxide (RGO).
The characteristics of SLG photodetection have been well documented in the previously mentioned studies. However, airbrushed macroscopic assemblies of SLG, where the layers are individually deposited to create low density bulk films, have not been explored. These macroscopic films could be of interest in future photoconductivity studies, as small dark current (I dark ) values and large near-infrared (NIR)-induced photocurrents (I) give rise to high I on /I off ratios. Since the number of graphitic layers is known to affect the mechanical, photomechanical, and thermal properties, exploration of such layered thin films of SLG is of technological interest [24] [25] [26] . The samples presented in this paper use simple fabrication techniques, such as air-assisted deposition of graphene layers and shadow masks for electrode patterning. These methods do not require lithographic processing, and demonstrate the ability to repeatedly and reliably produce devices with large current responses. Finally, the effects of varying bias voltages on SLG photodetectors operating in the diffusion and drift regions have not previously been extensively studied.
Due to the lack of defects and edge effects between individual sheets, a single pristine graphene layer would result in faster photocurrent responses. However, lithographic patterning of flat, defect-free, pristine graphene sheets is difficult. Additionally, since the potential yield of exfoliated graphene is just ∼12% [27] , scalable manufacturing of large area sheets of pristine graphene is not economically feasible at the present time. Our process introduces a scalable and lithography free patterning method which is based on SLG (derived via reduction of single layer graphene oxide). While defects introduced from the reduction process and effects between graphene sheets likely slow the response time of our samples compared to pristine graphene, the scalable and lithography free patterning method presented makes the photocurrent characteristics in SLG thin films of interest.
A graphene layer absorbs ∼2.3% of incident light independent of its wavelength and its reflectivity is low (<0.1%) [28] . The absorbance of multilayers of graphene at photon energies greater than ∼0.5 eV should be additive [29] . Photothermal mechanisms suggest that optically induced thermal gradients will result in a linear increase in photocurrent response with increasing laser intensity [7] . Recently, position dependence of photoconduction has been reported in large area sheets of reduced graphene oxide [23] . The conclusions of position dependence due to Schottky barrier modulation at the metal/graphene interface and slow response times due to interconnecting sheets are in agreement with our work. However, this past study did not include the effects of annealing temperature and bias voltage dependence of the position-dependent photocurrent response. Furthermore, quantitative values for the carrier velocities, charge concentrations, and mobilities of the thin SLG films were not included, and microscopic models were not used to explain the photocurrent response. Therefore, these absences call for a thorough investigation of the photocurrent responses of macroscopic assemblies of graphene thin films.
This paper demonstrates large photocurrents in single layer graphene assemblies with emphasis on effects of diffusion and drift on graphene thin films with increasing electric fields. Experimental results were used to quantify values for diffusivity, drift velocity, and hole mobility. Additionally, the effects of temperature on photoconductivity were measured and discussed. A microscopic model based on the continuity equation is provided and compared with the experimental results. Finally, in the drift-dominated region, Gaussian photocurrent profiles with increasing electric fields were obtained, similarly to the classic Haynes-Shockley experiment [30] .
Results and discussion
The air-assisted deposition technique has been used by our group [31] and others for both large-scale dispersions and alignment of carbon nanotube networks [32] . The advantages of air flow deposition include (1) the ability to deposit material on a variety of substrates, (2) flexibility in enabling deposition of conductive material to a range of resistance values, (3) in situ-controlled doping of materials with different gases, and (4) geometric straightening of materials such as nanotubes due to air flow-generated torque [32] . Because of the honeycomb carbon atom arrangement, during spray deposition SLG can be thought of as a broad two-dimensional (2D) mesh being impacted against a substrate by air molecules. Turbulent forces and kinetic energies are imparted on the SLG as the SLG leaves the spray nozzle. Figure 1 is a sequence of scanning electron microscope (SEM) images showing the bulk SLG morphology resulting from the spray fabrication. The first SEM image, figure 1(a), clearly illustrates sample thickness and electrode placement. Evaluating the topographical surface morphology in greater detail ( figure 1(b) ), a faint pattern of projecting graphene 'balls' becomes visible; several have been circled for clarity. The kinetic energy imparted on the graphene during deposition combined with the thermal energy produced by the collisions between graphene layers resulted in this interesting macroscopic morphology. This surface morphology from air-assisted deposition is determined by the adhesion potential of graphene to the substrate surface and the kinetic energy imparted to the graphene by the air spray [32] . Heavier objects, such as stacks of SLG, will have higher kinetic energies and lower contact areas and are therefore less likely to be affected by the substrate adhesion potential. Lighter objects, such as single SLG layers, with lower kinetic energies, are more likely to stick to the surface and retain flatter profiles. Such single SLG layers being ejected by the spray nozzle eventually land on top of one another, giving rise to the fluffy appearance seen in figure 1 . Samples were fabricated with various resistance values. The film thickness (25-300 µm) was measured on all samples and found to be inversely proportional to the fabrication resistance (∼2-20 k ). The fluffy nature of the SLG spray resulted in low density films. Based on the known process parameters, the film density was ∼0.04 g cm −3 (100 • C anneal) to 0.1 g cm −3 (400 • C anneal). For comparison, the density of water is ∼1 g cm −3 [33] , that of balsa wood is ∼0.2 g cm −3 [34] , and that of aerogel is 3 × 10 −3 g cm −3 [35] . The low film densities further support the notion of individual graphene layer accumulation during spray deposition, which results in a large amount of empty space within the film. Therefore, spray deposition is unique in that the deposition results in a pseudo-three-dimensional (3D) structure which, despite having a thickness dimension, still retains the electrical qualities of 2D graphene. Figure 2 shows the in-plane vibration of the sp 2 carbon bonds (graphite, or G-band) as well as the stacking order (G -band) at 633 nm excitation. The G peaks for SLG occur at 1578 cm −1 . The G shown by the SLG has a single, sharp Lorentzian peak at 2650 cm −1 , indicating high purity of the carbon additive. In the past, Raman spectroscopy in combination with SEM and atomic force microscopy has been used to quantify the number of layers in single to few layer graphene [36] . Figure 3 shows a test sample schematic and a standard slide containing six individual samples. In order to study the position-dependent diffusion-dominated photocurrent effects, each test sample was hypothetically divided into five NIR illumination 'positions'. Figure 3 A to E illustrating each of the five photocurrent test positions. At positions A and E, only the graphene 'wings' on the outsides of the negative and positive electrodes, respectively, are illuminated. At positions B and D, the NIR laser is centered on top of the associated electrode, while at position C the NIR spot is placed in the middle of the SLG strip between the electrodes. Prior to NIR illumination, a bias voltage (V b ) was placed across the electrodes (10 µV-1 V) in order to minimize effects due to Joule heating [17, 37] . The 808 nm NIR laser was collimated to a 3 mm × 4 mm wide rectangle such that it illuminated the entire position of interest, for example the 3 mm × 4 mm section of SLG covering each electrode. Each sample had a set of 4 mm wide gold electrodes separated by a distance of 8 mm, connected by a 3 mm × 26 mm SLG strip. Subsequent photocurrent response experiments were conducted at NIR illumination intensities of 40 mW, 180 mW, and 335 mW. The long-term stability of the illumination intensities was verified prior to experimentation. Test samples were fabricated on standard glass microscope slides with six test samples per slide, as shown in figure 3(b). During testing, the slides were mounted in a robotic black box testing apparatus to measure the photocurrent effects of each sample.
After SLG spray deposition but prior to conducting the photocurrent experiments, the sample slides underwent 1 h vacuum annealing at either 100, 250, or 400 • C. Figure 4 (a) illustrates the effects of vacuum annealing on sample resistance, clearly demonstrating a linear relationship between the pre-(R pre ) and post-anneal (R post ) resistances. Since the films were grown to targeted resistance values during spray fabrication, both R pre and R post were quantified and plotted. The resistance value decrease during spray fabrication was fairly slow, with ∼2 h required to grow an ∼2 k film. This suggests that both defects in the SLG and edges of individual sheets act as potential barriers for charge carriers as they travel from layer to layer. As the annealing temperature (T A ) increases, more intimate contact is made between graphene layers, resulting in large drops in resistance. The decrease in R post as a function of R pre was determined from experimental data, and is given by
Sample resistance was found to be inversely proportional to the amount of SLG sprayed, following an R pre = αm −1 relationship with proportionality factor α ≈ 200 g. Figure 4 (b) illustrates the relationship between film thickness (t) and post-anneal resistance for each of the three annealing temperatures. As was expected, for a given film thickness, lower resistance values were obtained at higher annealing temperatures. However, it is remarkable to see the combination of relatively high resistance values and such thick films in the post-anneal samples. As described earlier, these large resistance values at these thicknesses indicate low density SLG films resulting from the spray deposition process. Figure 4 (c) shows the relationship between resistivity (ρ) and film thickness. As expected, these curves follow a similar temperature dependence to figure 4(b). Power law equations were fitted to experimental data in figures 4(b) and (c) as shown in the figures. For a constant resistance value, increased annealing temperature results in thinner films. This outcome is thought to be a result of bringing the layers into more intimate contact through annealing-induced densification of the films. For example, a 10 k film annealed at 100 • C is ∼50 µm thick, yet the same resistance device annealed at 400 • C is just ∼20 µm thick. Figure 5 shows an overview of typical position-dependent NIR-induced photocurrent and associated transients, in this case obtained from a 1.4 k , 400 • C annealed sample with a 100 µV bias voltage. Figures 5(a) and (b) illustrate shortand long-term (steady-state) position-dependent responses to the NIR illumination. Prior to NIR on, a dark current exists in the test sample, whose magnitude is a function of bias voltage and sample resistance, following Ohm's law. The high NIR off resistance, and consequently small dark current, suggests a significant resistance to current flow, possibly due to edge effects [10] . Rather than the similar responses that would be expected, laser illumination of different sample positions resulted in various changes to the photocurrent. When the laser spot was placed on top of the positive electrode (position D), the current increased from the I dark value of 70 nA to 1060 nA, a rise of ∼1400%. Similarly, on the negative electrode (position B), a drop in current from 70 nA to 1200 nA was observed, or an 1800% decrease. This revealed that the current changed direction, even though a forward bias voltage was still being applied. When positions A and E were illuminated, which are outside the negative and positive electrodes respectively, a similar but greatly reduced photoresponse to that from positions B and D was obtained. Even more interesting is that when position C (center of the SLG test strip) was illuminated, there was minimal induced photocurrent.
The position dependence of the photocurrent showed that the positive electrode had the effect of increasing the forward current, whereas the negative electrode had the effect of increasing the backward current. This outcome suggests that built-in potentials exist between the electrode and the SLG; this result was also seen in earlier investigations on graphene photoconductivity [7, 8, 23] . The differences between our work and others includes investigation of the thin film morphology (figure 1), the relationship between annealing temperature and resistance change (figure 4), demonstration of photocurrent dependence on laser power regardless of resistance (figure 6), and the ability to control the device operating region (diffusion versus drift, figures 8, 9). When NIR illumination is incident on graphene films, the potential barriers between the edges should be overcome due to increases in temperature as well as electric field, thus resulting in the large differences between the NIR-induced photocurrent and I dark . Under NIR illumination, graphene absorbs photon energy, resulting in electron-hole pairs or excitons. Without the presence of a bias voltage, these carriers would normally randomly diffuse and recombine in the SLG. As they approach the metal-graphene interface, however, hot electrons might have enough energy to cross the Schottky barrier via either tunneling or thermal emission and enter the metal electrode, thus leaving holes in the graphene layers. Once electrons enter the electrodes, a high energy barrier in the reverse direction lowers the probability that they will travel back to the graphene, thereby resulting in charge carrier separation. In real metal-graphene contacts however, defects and surface states exist at the interfaces that affect the actual contact band structure. Although past ideal theoretical models have illustrated the upward bending of energy bands, a downward bending of energy bands towards the metal could be possible, depending on the density and types of surface states [17, 38] . If a downward bending band graph at the metal-graphene contacts is assumed, the photon generated electrons will naturally favor entering the metal without overcoming energy barriers. This would further result in an enhanced charge separation effect, again confirming our experimental results.
Figures 5(c) and (d) show NIR on and off transients respectively. Both were normalized from 0 to 1 using I/I max . In both curves, the experimental data fit the exponential form of I = I 0 exp −t τ β , where the time constants (τ ) are τ ∼ 9 s for the light on transient and τ ∼ 8 s for the light off transient. The slow on and off response is characteristic of diffusion-mediated photoconduction as in past reports [17, 23, 37] . However, contrary to past reports, whereas the light on and off transients follow classical Debye characteristics (β = 1) [17] , the experimental results obtained from the SLG assemblies were best fitted with power factors (β) less than one. This indicates that the NIR on and off transients take longer to reach equilibrium, possibly as a result of both defects and potential barriers between the edges of the SLG sheets within the overall assemblies. These results can be analyzed using the dynamic model by starting with the continuity equation for minority charge carriers [39] :
where n is the non-equilibrium minority carrier concentration, D n is the diffusion coefficient, τ e is the electron life time, G is the non-equilibrium charge carrier generation rate, and E is the electric field. By assuming that the carriers were uniformly distributed in the graphene layers and neglecting the small electric field, the equation simplifies to
Then, G can be approximated to ηI, where η is the quantum efficiency and I is the light intensity:
It is seen from the microscopic model for minority charge carrier concentration that the steady-state photocurrent is a linear function of the light intensity. This observation is in agreement with the experimental results shown in figure 6 . Figure 6 provides insight into a number of interesting characteristics of the spray deposited SLG samples that would be useful in application design. To establish a common denominator for sample comparison, the photocurrent was converted to percentage change of base current, % PC , using the equation % PC = 100 × (I − I dark )/I dark . Because the SLG test samples were created at resistances ranging from ∼2 to ∼20 k , we investigated the percentage change in photocurrent at the positive and negative electrodes as a function of both resistance and laser power. We found that the only factors affecting the photocurrent were the annealing temperature and laser power; regardless of R post , the same % PC was obtained. Figure 6 (a) shows a breakdown of NIRinduced photocurrent for various NIR powers, resistances, and annealing temperatures. Regardless of test sample resistance, for a given laser power, higher annealing temperature resulted in enhanced photocurrent. Likewise, regardless of sample resistance, higher NIR illumination intensity resulted in enhanced photocurrent. Past research on RGO photocurrents demonstrated that a ∼50 mW illumination intensity resulted in a 193% increase in photocurrent [23] . While providing additional insight into the relationship between laser intensity, sample resistance, and annealing temperature, our results are also in agreement with this past report. The relationship between illumination intensity and per cent change is more clearly demonstrated in figure 6 (b), which shows that, regardless of annealing temperature, a linear relationship exists between increasing per cent change in photocurrent and increasing NIR illumination intensity. For a given annealing temperature, a linear relationship exists between illumination intensity and per cent change in photocurrent. The equations for per cent change at the positive and negative terminals as a function of annealing temperature and illumination power were determined from experimental data, and are given by
On further analysis, numerical values can be calculated for drift velocities, mobilities, and carrier concentrations for these thin film devices. An approximate estimation of the drift velocity (v) of 8.9 × 10 −2 cm s −1 was determined using v = L D /τ [18, 40] , where L D is the distance between electrodes (8 mm) [41] and τ is the transit time (∼9 s). Next, setting the hole mobility (µ) equal to v/E, and with a bias electric field (E) of 125 µV cm −1 , the hole mobility is ∼700 cm 2 V −1 s −1 . Although smaller than that of an isolated single graphene layer (10 000 cm 2 V −1 s −1 at room temperature [1] ), this value is impressive for a thin film device. Using the Einstein relation D d = µk B T/q, where k B is the Boltzmann constant (∼1.38 × 10 −23 J K −1 ), T is the temperature at the laser spot (∼340 K), and q is the electric charge (∼1.602 × 10 −19 C), we solved for a diffusivity, D d , of ∼20.8 cm 2 s −1 . On the positive electrode (position D), a current density (J) of ∼4.1 × 10 −5 A cm −2 was calculated with J = I/L D t, where I is the photocurrent (∼990 nA) and t is the sample thickness (300 µm). Finally, the charge carrier density (n e ) was calculated using n e = JL D /qD d , as ∼9.9 × 10 12 cm −3 . Lower values of carrier concentrations suggest recombination effects and retardation of photogenerated electrons due to excess hole buildup. Because of this buildup, holes have to diffuse into the graphene layers before more photogenerated electrons can be produced, resulting in a slower photocurrent response. Therefore, the graphene edges could be acting as recombination centers that could produce localized states both in energy and position in thin films. Future research could provide insight into such edge effects affecting the electrical transport in SLG-based thin films. Because of the minimal photoresponse, the center of the samples (position C) resulted in minimal photocurrent and subsequently negligible charge carrier densities. The current and charge carrier densities for the negative electrode (position B), and its outside (position A), are approximately equal to those calculated for the positive electrode (position D) and its outside (position E), respectively.
Another mechanism affecting the photoconductivity is the temperature gradients within the SLG test sample. At nanoscale dimensions, steep temperature gradients can exist, and increases in temperature can generate hot electrons with sufficient kinetic energy to cross potential barriers. Figure 7 shows changes in temperature for different NIR illumination intensities at various laser and thermocouple positions. In figure 7(a) , the thermocouple is located at position A, and the laser is swept across the test sample, with temperatures logged at each position. In figure 7(b) , the thermocouple is moved to the negative electrode (position B), and the laser again swept across the test sample. In figure 7(c) , the laser is placed at position C, and the same measurements are recorded. The temperature profiles from the thermocouple located at positions D and E were identical to those at positions B and A, respectively, and therefore are not included. The NIR-induced temperature increases as a function of laser power, and the laser position was modeled using a Gaussian profile [13] ,
L , where T 0 is the ambient temperature (298 K), R L is the laser spot size (4 mm), x L is the laser position, P is the laser power, and δ is a proportionality constant (3.7 × 10 −4 mW −1 ). The Gaussian temperature profile is overlaid on the experimental data in figure 7(c) , showing a good match between the theoretical and actual results. The highest laser power tested, 335 mW, corresponds to a maximum temperature of ∼340 K, or a roughly 70 • C rise. The resistance change curves between NIR illumination on and off share the same characteristic shapes as those in figure 5 . The resistance changes associated with macroscopic temperature changes show that thermal gradients exist, and that photothermoelectric effects play an important role in the overall photocurrent responses of SLG assemblies. Assuming that all NIR light is absorbed within the first ∼300 layers, a change in temperature of ∼0.24 K per graphitic layer was observed.
The last and perhaps most interesting trait observed was the effect of bias voltage on photocurrent response that shows the drift of the Gaussian profile of the photocurrent with electric field as in Haynes-Shockley experiments [30, 41, 42] . Varying the bias voltage has a profound effect and allows for device operation in either diffusion-or drift-dominated regions. We investigated a range of bias voltages, and thus electric fields, on overall photocurrent responses. As NIR light is absorbed by the graphene layers, the absorption gives rise to electrons and holes. These electrons respond to the presence of electric fields that can be categorized into two regions. As seen in past reports on low bias voltage photoconduction [23] , in regions of low bias voltage and thus low electric field, diffusion-mediated photoconduction dominates. However, at high bias voltage, and thereby high Comparing the results from bias voltages of 10 µV-1 mV, figures 8(a)-(c), several interesting effects occur. First, the magnitude of NIR-induced current change is approximately the same for all three bias voltages, ranging from a ∼225 nA decrease (NIR illumination on the negative electrode) to ∼250 nA increase (NIR illumination on the positive electrode). Furthermore, the position-dependent change in photocurrent pattern is identical to that established earlier in this paper. As the bias voltage increases, however, an associated increase in I dark is witnessed, as would be expected from Ohm's law. When the bias voltage and I dark increase, but the magnitude of induced photocurrent stays the same, this combination results in a lower % PC . For example, on the positive electrode of a 10 k test sample (position D), a 10 µV bias voltage yields an I dark of ∼1 nA. Using the per cent change formula, a 250 nA photocurrent change yields an incredible ∼24 900% increase. Moving to 100 µV, an I dark of 10 nA now results in a more reasonable increase of ∼2400%, in line with the values from figure 7. With a 1 mV bias, the increase is merely 150%. Therefore, the largest percentage changes in photocurrent will occur at the lowest bias voltages. Furthermore, as the bias voltage increases, and therefore the baseline I dark also becomes more positive, the amount of reverse photocurrent (I with a value less than 0) when the negative electrode is illuminated decreases. For example, at a bias voltage of 100 µV, the majority of the photocurrent on the negative electrode is negative ( figure 8(c) ). However, by a bias voltage of 1 mV ( figure 8(d) ), as the baseline I dark has increased, only about half of the photocurrent is negative. At bias voltages greater than 1 mV, the results become even more interesting. By 10 mV bias, photoillumination of the negative electrode is having less of an effect ( figure 8(d) ), and the photocurrent increase from the positive electrode shifts towards the device center, an area which previously exhibited minimal NIR illumination response. At 100 mV bias and more (figures 8(e-f)), position-dependent photocurrent changes are gone, with maximum photoresponse occurring at the test sample center (position C). The Gaussian curves associated with figures 8(e) and (f) are typical of diffusion-mediated photoconduction as seen in Haynes-Shockley experiments [30, 41, 42] .
In order to quantify the type of photo-induced response in a diffusion-dominated region (region I), a transition region (region II), or a drift-dominated region (region III), a variety of factors were evaluated. First, the total change in power (P TPC ) as the NIR illumination source was scanned across the samples was calculated. The following integral determines P TPC , or the total area under the curves from figures 8(a)-(f):
This integral sums the area between the photocurrent response curve (I) and I dark , from positions A through E, and has units of pW mm. Figure 9 (a) is a log-log plot of results obtained by integrating figures 8(a)-(f). For bias voltages of 10 and 100 µV, located firmly in the diffusion region, P TPC is linear, at ∼27 pW mm. By 1 mV, however, P TPC has increased slightly to ∼29 pW mm, indicating the cusp of the transition region. At 100 mA and greater, the device is operating in the drift-dominated region, and an exponential increase in P TPC with increasing bias voltage is witnessed. Another way of visualizing the operating region is to compare the per cent contributions to P TPC when the current I is greater than I dark (positive current contribution), as well as when the current I is less than I dark (negative current contribution):
Again, three operating regions are evident in figure 9(b) . First, in region I, which is purely diffusion dominated, the amount of positive photo-induced current change from the positive electrode is approximately equal to the negative photocurrent change from the negative electrode, with each contributing ∼50%. In the transition area, region II, which occurs at bias voltages between 1 and 10 mV, the contribution of negative photocurrent is decreasing, demonstrating the transitioning from diffusion dependent to drift dependent. Finally, in region III drift, all the induced photocurrent contributions are positive and fully dependent on the large electric field enveloping the sample. The temperature remains the same for all the three regions, and this effect is purely due to electric field and not temperature. Figure 9 (c) illustrates differences in the operating regions by evaluating the change in resistance (R) at the positive, negative, and center positions of the samples by applying Ohm's law to the change in NIR-induced photocurrent, given by
In region I, diffusion, the change in current when the NIR illumination is on the negative electrode (position B), is negative, thus R B is positive. The center position (C) has negligible current change from photoillumination, thus R C is approximately zero. Finally, on the positive electrode (position D), the current change is positive, thus R D is negative. In region II, the photocurrent response curve has started to transition to the center of the graphene strip, thus R C goes negative. Finally, in region III, all photo-induced change resulted in an exponential current increase, therefore the R values for all three positions are negative.
Conclusions
This paper reports large NIR-induced photocurrent responses of SLG (from reduced graphene oxide) assemblies fabricated using an air-assisted deposition process. This fabrication method produces a low density thin film with unique SLG morphology, akin to clumps of wadded up sheets of paper. As the SLG layers impact on top of the substrate and one another during deposition, thermal energy increases their adhesion and contact areas. Although pseudo-3D structures were created, the NIR off currents in the samples were only a few nanoamps. This demonstrated the loose morphology and high resistance of the layered SLG, with the edges of individual layers acting as potential barriers for electron flow. The bias voltages were found to play an integral role in the type of NIR photoresponse. At low bias voltages, diffusion effects dominated, and position dependence was demonstrated. Photon-induced charge carrier generation and subsequent separation at the metal-graphene contact caused changes in the photocurrent. The photocurrent exhibited an increase when the positive electrode was illuminated, a decrease when the negative electrode was illuminated, and negligible response when the area between the electrodes was illuminated. At a 100 µV bias voltage, a change in photocurrent from ∼150% (40 mW NIR) to ∼1800% (335 mW NIR) is reported. Such large photocurrent responses result from built-in electric fields and optically generated temperature gradients.
Another mechanism affecting the photocurrent response was the thermal gradients induced as a result of laser excitation. Macroscopic temperature measurements showed that steep thermal gradients also contributed to the overall photocurrent response, with a maximum NIR-induced temperature rise of ∼70 • C. Regardless of the SLG sample resistance, the per cent change in photocurrent displayed a linear response, and was found to only depend on the annealing temperature and laser power. The position dependence was seen to be dependent on the bias voltage and was classified into three distinct regions. At low voltages (≤100 µV), the photocurrent was a result of charge carrier diffusion (region I). As the electric field was slowly increased (1-10 mV), effects of drift started to dominate (resulting in a transition area, region II), and at high voltages, drift-mediated photoconduction (≥100 mV, region III) was obtained. The drift region was confirmed by Gaussian-shaped responses and the photocurrent peak shifting to the center of the sample, akin to Haynes-Shockley experiments. Based on experimental results for the SLG thin films, a hole mobility of ∼700 cm 2 V −1 s −1 and carrier density of ∼9.9 × 10 12 cm −3 were calculated. The lower carrier concentrations compared to single layers suggest carrier recombination and retardation of photogenerated electrons due to hole buildup. These holes would have to diffuse before further electrons could be produced and therefore result in a slower photocurrent response.
Fabrication of SLG macroscopic thin films using air-assisted deposition is straightforward, does not require lithographic patterning, and results in devices with reliable, repeatable photocurrent responses. Large photocurrents in lithography free SLG assemblies could help to enable low cost solar cells, development of graphene based p-n junction photodetectors, and infrared bolometers. The simple shadow/spray masking for gold/graphene deposition could be of interest in astronomy, telecommunication, national security, and imaging applications. Finally, demonstration of Haynes-Shockley experiments in graphene thin films could serve as an educational tool for future young scientists and engineers.
Methods

General setup
Commercially obtained SLG (∼92% carbon, <8% oxygen, produced via thermal exfoliation reduction and hydrogen reduction of single layer graphene oxide) was purchased from ACS Materials. The SLG was used in its original form and not surface modified at any time. Fisherbrand 75 mm × 50 mm glass slides were used as substrates for test sample fabrication. A variable power (500 mW maximum) 808 nm laser, which was collimated to a rectangular spot size of ∼3 mm × 4 mm, served as the NIR illumination source. Power source profiles were determined using a Newport 1815-C intensity meter. All experiments were conducted in a climate-controlled laboratory. The photocurrent test equipment was operated inside a light-isolated enclosure mounted on an active air suspension table. Cameras inside the test enclosure were continuously monitored to ensure that all control and positioning gear operated properly. Custom LabVIEW programs running on a host computer controlled, sequenced, and logged the data for all experiments.
Sample fabrication
The glass slides were prepared by soaking in buffered oxide etch (BOE) for 2 min, then rinsed in deionized water and dried with nitrogen. Using an acrylic shadow mask, 150 nm thick electrodes were patterned by sputtering (KJL PVD 75) a nickel adhesion layer (∼75 nm) followed by gold (∼75 nm). Once the electrodes were fabricated, the shadow mask was removed and an adhesive paper mask was applied to the slide for graphene application. In order to make the graphene suitable for spray application, a 0.5 mg ml −1 solution of graphene and isopropyl alcohol was sonicated (Cole-Palmer 8892) for 3 h. Graphene test strips were then airbrushed (Paasche VL, 75 psi) onto the electrodes. This process resulted in the SLG attaching to the glass and electrodes through van der Waals forces, and resulted in intimate contact between the electrodes and the graphene. The resistances of the graphene test strips were continuously monitored (Keithley 2400) during the spraying process, and application ceased when a target spray resistance was achieved. The adhesive masks were then removed and the were slides mounted in the photocurrent test station. The pre-anneal resistances were logged for each of the six samples per slide. Finally, the slides were annealed for 1 h at temperatures of either 100, 250, or 400 • C, with associated 1 h ramp-up and 3 h cool-down times. After annealing, the post-annealing resistances for each sample were also measured.
Photocurrent experiments
The short-term photocurrent tests involved running five cycles at each test position (A-E) of 30 s of NIR on, followed by 30 s of NIR off . The long-term position-dependent test involved a single cycle of 5 m NIR on. A bias voltage of 100 µV was applied in all tests. The photocurrent was logged every 100 ms for the duration of each test. Prior to the start of each test, the average NIR off current during a 60 s period was recorded and then used as the baseline current (I dark ) in subsequent calculations. To normalize the test data for comparison, the NIR-induced photocurrents were reported as % change (% PC ) of the original baseline current. The values reported for long-term % PC at the negative and positive electrodes (positions B and D) as a function of post-anneal resistance and laser power were calculated by averaging 60 s of steady-state data obtained during long-term testing. The photocurrent bias voltage dependence was measured by logging the steady-state responses as the NIR laser was swept across the test sample in 0.5 mm increments and repeated for each bias voltage.
Temperature measurements
The temperature measurements were obtained by placing a precision E-type fine wire thermocouple (Omega) at each of the five positions (A-E), and then sequentially illuminating the positions with NIR light. After the temperature reached its steady-state value, 30 s of temperature data was logged and averaged.
